We previously observed that stimulation of vascular smooth muscle cell (VSMC) proliferation with growth factors is associated with dismantling of cadherin junctions and nuclear translocation of ␤-catenin. In this study we demonstrate directly that growth factors stimulate ␤-catenin/T-cell factor (TCF) signaling in primary VSMCs. To determine whether ␤-catenin/TCF signaling regulates VSMC proliferation via modulation of the ␤-catenin/TCF responsive cell cycle genes, cyclin D1 and p21, we inhibited ␤-catenin/TCF signaling by adenoviral-mediated over-expression of N-Cadherin, ICAT (an endogenous inhibitor of ␤-catenin/TCF signaling), or a dominant negative (dn) mutant of TCF-4. N-cadherin, ICAT or dnTCF-4 over-expression significantly reduced proliferation of isolated human VSMCs by approximately 55%, 80%, and 45% respectively. Similar effects were observed in human saphenous vein medial segments where proliferation was reduced by approximately 55%. Transfection of dnTCF-4 in the ISS10 human VSMC line significantly lowered TCF and cyclin D1 reporter activity but significantly elevated p21 reporter activity, indicating regulation of these genes by ␤-catenin/TCF signaling. In support of this, over-expression of N-cadherin, ICAT or dnTCF-4 in isolated human VSMCs significantly lowered levels of cyclin D1 mRNA and protein levels. In contrast, over-expression of N-Cadherin, ICAT or dnTCF4 significantly elevated p21 mRNA and protein levels. In summary, we have demonstrated that increasing N-cadherin and inhibiting ␤-catenin/TCF signaling reduces VSMC proliferation, decreases the expression of cyclin D1 and increases levels of the cell cycle inhibitor, p21. We therefore suggest that the N-cadherin and ␤-catenin/TCF signaling pathway is a key modulator of VSMC proliferation via regulation of these 2 ␤-catenin/TCF responsive genes.
V ascular smooth muscle cell (VSMC) proliferation is a key event in the pathogenesis of vascular diseases characterized by intimal thickening, such as atherosclerosis, vascular rejection and restenosis after angioplasty. In the healthy vasculature, VSMCs display a low proliferative rate and are maintained in a quiescent and contractile phenotype, despite the presence of endogenous growth stimuli. Furthermore, exposure of intact blood vessels to exogenous growth factors in vitro or in vivo does not lead to proliferation. 1, 2 Intimal thickening results from migration of VSMCs from the medial layer into the intimal layer, accompanied by a switch to a proliferative synthetic phenotype whereby they become responsive to growth factor stimulation. The mechanism by which VSMCs break their proliferative constraint is not fully understood. However studies by our group and others have implicated the cadherin family of cell adhesion molecules as having an important role. [3] [4] [5] [6] Cadherins are a family of transmembrane proteins that mediate Ca 2ϩ -dependant homophilic cell-cell contacts and form adherens junctions through interaction with the actin cytoskeleton via adapter molecules known as catenins. ␤-catenin binds the cytoplasmic tail of cadherins and regulates the formation of adherens junctions. In addition to its structural role complexed with cadherins, ␤-catenin is an important signaling molecule and a potent regulator of cell behavior.
Dismantling of adherens junctions frees ␤-catenin from the membrane and in the presence of Wnt signaling, ␤-catenin escapes proteosomal degradation by the adenomatous polyposis coli (APC), Axin, and glycogen synthase kinase-3␤ (GSK-3␤) complex, translocates to the nucleus and binds members of the T-cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factor family. The ␤-catenin/TCF complex subsequently regulates the transcription of many genes involved in cell function, including survival, migration, differentiation and proliferation. cyclin D1 and p21 are 2 key cell cycle proteins, whose expression are regulated by ␤-cate-nin/TCF signaling in colon carcinoma cells 7, 8 and human embryonic kidney cells, 9 respectively. Cyclin D1 expression is increased 7, 8 and p21 repressed 9 by ␤-catenin/TCF signaling. Cyclin D1 is a major promoter of the cell cycle and its expression is induced soon after mitogen stimulation. In contrast, p21 is a member of the Cip/Kip family of cyclindependant kinase inhibitors (CKIs) it has growth permissive effects in VSMCs at low levels, by promoting cdk:cyclin complex formation, but growth inhibitory effects at higher levels. 10 -12 Recent studies have indicated that cadherin:catenin signaling is involved in the regulation of VSMC proliferation. First, upregulation of ␤-catenin after induction of VSMC proliferation by injury of the rat carotid artery has been observed by several groups. 4, 6, 13 Furthermore, we have previously shown that a rapid reduction in cadherin levels accompanied by an increase in nuclear ␤-catenin and VSMC proliferation occurs after arterial injury. 4 We have also demonstrated that growth factor stimulation leads to dismantling of cadherin junctions, in vitro, which is associated with increased VSMC proliferation, increased nuclear ␤-catenin and increased ␤-catenin complexed with LEF-1. 3 In addition, cyclin D1 promoter activity is regulated by over-expression of constitutively active ␤-catenin in a rat smooth muscle cell line. 13, 14 However, it is unknown whether growth factors modulate VSMC proliferation via induction of endogenous ␤-catenin/TCF signaling and modulation cyclin D1 or p21 in VSMCs. Consequently, in this study we tested the hypothesis that ␤-catenin/TCF signaling modulates VSMC proliferation in response to growth factors via the regulation of cyclin D1 and p21 expression.
Materials and Methods
Further details regarding the experimental protocols can be found in the online data supplement available at http://circres.ahajournals.org.
Cell Culture
Primary VSMCs were grown from human saphenous vein segments and aortas from cyclin D1 Ϫ/Ϫ , cyclin D1 ϩ/ϩ , p21 Ϫ/Ϫ , p21 ϩ/ϩ and TOPGAL mice as previously described. 3 Immortalized human aortic intimal VSMCs, ISS10s were cultured as previously described. 15 Quiesced cells were stimulated with fetal calf serum (FCS) or 20 ng/mL platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF).
Adenoviral Infection
Human VSMCs were incubated with 300 plaque forming units (pfu) per cell of RAd ICAT, RAd dnTCF-4, RAd mutant ␤-catenin or RAd LacZ control, or 1000pfu/cell of RAd FL-N-cadherin or RAd LacZ control for 18 hours. TOPGAL mouse VSMCs were infected with 300pfu/cell of RAd ICAT, RAd dnTCF-4, RAd FL-N-cadherin or RAd 66 control. Medial layer segments were then incubated for 18 hours with 5 x10 8 pfu of RAd LacZ, RAd ICAT or RAd dnTCF-4. Over-expression was predominantly in luminal cells but also deeper into the medial layer (see supplemental Figure I in the online data supplement).
Cationic Lipid Delivery of Antibodies
1.25 g of anti-␤-catenin antibody or nonimmune IgG was delivered to human VSMCs with 2.5 L of BioPORTER reagent (Genlantis, UK) per 2x10 4 cells, and by following the manufacturer's instructions. After quiescing for 24 hours, VSMCs were stimulated with PDGFϩbFGF for 6 or 12 hours, or with 10% FCS for 24 hours. Intracellular antibody was detected by immunocytochemistry (data not shown) and Western blotting (supplemental Figure II) . Proliferation was assessed by using the WST-1 assay (Roche) and lysates were pre-incubated with Protein G-coated agarose (Pierce, Northumberland, UK) to remove delivered antibody before Western blotting.
Assessment of ␤-catenin Reporter Activity
TOPGAL VSMCs were quiesced for 36 hours and then stimulated with 10% FCS or PDGFϩbFGF for 12 hours. ␤-galactosidase activity was determined using the Galacto-Light Plus kit (Tropix, Bedford, UK).
Assessment of Proliferation
Proliferation in the presence of 10% FCS was assessed by bromodeoxyuridine (BrdU) incorporation by immunocytochemistry 16 and immunohistochemistry. 17
Expression of Cell Cycle Proteins
Quiescent VSMCs were stimulated with PDGFϩbFGF for 6 or 12 hours for analysis of p21 and cyclin D1, respectively. Equal protein concentrations were subjected to Western blotting as previously described. 3 Densitometric analysis results were expressed as a percentage of RAd LacZ infected cells.
Expression of Cell Cycle Messenger RNA
Quiesced VSMCs were incubated with PDGFϩbFGF for 6 hours and total RNA extracted. 18s, p21, and cyclin D1 messenger RNA (mRNA) were analyzed by semi-quantitative RT-PCR. Optical densities were normalized by 18s ribosomal mRNA and expressed as a percentage of RAd LacZ control.
Transfection
The reporter plasmids (TOPFlash, CD1LUC or -2400p21LUC) or their corresponding controls (TKLUC, ⌬LEFCD1LUC or -94p21LUC, respectively) were transiently cotransfected with LacZ or dnTCF4 constructs into ISS10 VSMCs using the Lipofectamine Plus (Invitrogen). Quiesced cells were stimulated with either 10% FCS, PDGF or PDGFϩbFGF for 24 hours (TOPFlash or CD1LUC) or 48 hours (p21LUC). Firefly luciferase activity was determined using a luciferase assay system (Promega) and normalized by total cell protein.
Immunohistochemistry
Cyclin D1 and MYC-tag were detected in paraffin-wax embedded sections by fluorescent immunohistochemistry and p21 was detected with color immunohistochemistry.
Statistical Analysis
Experiments were performed at least 3 times with VSMCs grown from different vein segments or mouse aortas. Data from 3 or more groups were analyzed by ANOVA and Student Newman Keuls post-test, data from 2 groups were analyzed by Student t tests, data expressed as a percentage of the control were analyzed by One sample t tests; significant differences were taken if PϽ0.05.
Results

Over-expression of ␤-Catenin/TCF Signaling Modulators
The role of ␤-catenin/TCF signaling in the regulation of VSMCs was investigated by over-expression of ICAT, and dnTCF-4. Both proteins inhibit the ␤-catenin/TCF pathway by sequestering endogenous ␤-catenin and preventing the activation of TCF/LEF transcription factors. Western blotting revealed over-expression of dnTCF-4 and ICAT with 300 pfu/cell (supplemental Figure IIIA) at 42 hours after infection in human primary VSMCs (supplemental Figure IIIB) .
We also over-expressed full length N-cadherin (FL-N-cad), the predominant classical cadherin in human VSMCs 3 to indirectly inhibit ␤catenin/TCF signaling by increasing cell-cell junctions and thereby lowering free cytosolic ␤-catenin by binding it to the cell membrane. We previously showed that 1000pfu/cell of the RAd FL-N-cad increased the association of N-cadherin and ␤-catenin suggesting elevated numbers of cell-cell contacts. 18 To demonstrate this directly we performed adhesion assays and observed that cell-cell adhesion significantly increased from 13.9Ϯ3.6% in control cells to 24.3Ϯ1.2% in cells over-expressing N-cadherin (nϭ3, PϽ0.05)
To stimulate ␤-catenin/TCF signaling in VSMCs we used adenoviral delivery of a constitutively active (mutant) form of ␤-catenin. Western blotting for the V5 tag and active (nonphosphorylated on Ser37 and Thr41) ␤-catenin revealed maximal expression of mutant (active) ␤-catenin with 300pfu/cell (supplemental Figure IIIC ).
␤-Catenin/TCF Signaling in Human VSMCs
To examine whether ␤-catenin/TCF signaling is induced with FCS or growth factor stimulation in primary VSMCs, we used TOPGAL transgenic mice, which carry the TCF responsive LacZ transgene. We chose to stimulate VSMCs with PDGFϩbFGF because these growth factors are known to regulate VSMC proliferation after vascular injury. 19, 20 Figure  1A shows that stimulation of quiesced primary VSMCs, isolated from TOPGAL mouse aortas, with FCS or PDGFϩbFGF significantly increased LacZ expression and therefore ␤-catenin/TCF signaling. Over-expression of N-cadherin, dnTCF-4 and ICAT in TOPGAL primary VSMCs, stimulated with FCS or PDGFϩbFGF, significantly reduced LacZ expression, and therefore endogenous ␤-catenin/TCF signaling, compared with RAd 66 controls ( Figure  1B ). Figure 2A shows incorporation of BrdU was approximately 45%, 55% and 20% of the LacZ controls in primary human VSMCs infected with RAd FL-Ncad, RAd dnTCF-4 and RAd ICAT, respectively. Similarly, intracellular delivery of anti-␤-catenin antibody reduced proliferation by approximately 45% compared with the IgG control ( Figure 2B ). Figure 2C shows infection with RAd dnTCF-4 and RAd ICAT significantly reduced incorporation of BrdU by approximately 50% compared with LacZ controls in saphenous vein segments. In addition, proliferation was significantly higher (1.52Ϯ0.18fold PϽ0.05, nϭ5) in serum-starved human VSMCs infected with RAd mutant-␤-catenin than in control VSMCs infected with RAd LacZ.
␤-Catenin/TCF Signaling Promotes VSMC Proliferation
To determine whether cyclin D1 and p21 are necessary to exert the proliferative effect of ␤-catenin/TCF signaling we examined the effect of inhibition of this pathway in cyclin D1 deficient (CD1 Ϫ/Ϫ ) and p21 deficient (p21 Ϫ/Ϫ ) mouse aortic VSMCs. Figure 3 (A and B) show that stimulation with FCS elevated BrdU incorporation in both the wild type and CD1 Ϫ/Ϫ and p21 Ϫ/Ϫ VSMCs. Over-expression of dnTCF-4 and ICAT significantly lowered BrdU incorporation in the wild type mouse cells (PϽ0.05 and PϽ0.01 respectively), as seen in the human VSMCs. This attenuation, however, was not observed in the CD1 Ϫ/Ϫ or p21 Ϫ/Ϫ VSMCs. Indeed, BrdU incorporation was significantly lower in the wild type VSMCs infected with RAd ICAT and RAd dnTCF-4 compared with the CD1 Ϫ/Ϫ and p21 Ϫ/Ϫ VSMCs with the same treatment.
␤-Catenin/TCF Signaling and Cyclin D1 in Isolated VSMCs
To establish whether ␤-catenin/TCF signaling regulates cyclin D1 gene expression at the transcriptional level, we aimed to transfect a cyclin D1 reporter plasmid, CD1LUC, into the ISS10 VSMC line. However, before this, to confirm that ␤-catenin/TCF signaling was induced with FCS stimulation in ISS10 cells, we transfected the TCF responsive reporter plasmid, TOPFlash, into the ISS10 VSMC line and stimulated them for 24 hours with FCS. TOPFlash was transiently cotransfected with either the LacZ (control) or dnTCF-4 construct to demonstrate the inhibitory effect of dnTCF-4. FCS significantly increased TOPFlash activity by 1.7-fold, but did not affect the negative control (TKLUC). Furthermore, expression of dnTCF-4 significantly reduced FCS stimulated TOPFlash activity by 6-fold (supplemental Figure  IV) , confirming the effect observed on ␤-catenin/TCF signaling with dnTCF-4 over-expression in TOPGAL mouse cells. CD1LUC, or the control plasmid that lacks the TCF/LEF binding sequence (⌬LEFCD1LUC), were transiently cotransfected into ISS10 VSMCs with either the LacZ or dnTCF-4 construct. Figure 4A shows that FCS or PDGFϩbFGF, but not PDGF alone, significantly elevated CD1LUC activity, compared with unstimulated controls. Cotransfection with the dnTCF-4 construct significantly lowered CD1LUC activity in all conditions. Furthermore, the control reporter ⌬LEFCD1LUC exhibited significantly lower activity than CD1LUC after stimulation and was unaffected by cotransfection with dnTCF-4.
Expression of cyclin D1 mRNA in primary human VSMCs was then determined. Figure 4B shows that cyclin D1 mRNA expression was significantly reduced in PDGFϩbFGF stimulated VSMCs infected with RAd FL-Ncad, RAd ICAT or RAd dnTCF-4 (PϽ0.01, PϽ0.03 and PϽ0.03, respectively) compared with the RAd LacZ infected control.
We then investigated whether ␤-catenin/TCF signaling regulated the expression of cyclin D1 protein in VSMCs. Cyclin D1 protein levels in VSMCs are consistently elevated 12 hours after stimulation with PDGFϩbFGF and remain elevated thereafter (supplemental Figure V) . We therefore determined the effect of ␤-catenin/TCF inhibition after 12 hours of stimulation with PDGFϩbFGF. Figure 5A shows that cyclin D1 protein expression was significantly lower in PDGFϩbFGF stimulated primary human VSMCs infected with RAd FL-N-cad, RAd dnTCF-4 or RAd ICAT compared with the RAd LacZ infected control (PϽ0.05, PϽ0.05 and PϽ0.01, respectively). Similarly, intracellular delivery of anti-␤-catenin antibody significantly reduced cyclin D1 protein expression compared with the IgG control ( Figure 5B,  PϽ0.02) . In contrast, cyclin D1 protein levels were significantly elevated in serum-starved human VSMCs infected with RAd mutant ␤-catenin compared with the RAd LacZ infected control ( Figure 5C, PϽ0.02 ).
␤-Catenin/TCF Signaling and p21 in Isolated VSMCs
To establish whether ␤-catenin/TCF signaling regulates p21 gene expression at the level of transcription, we transfected a p21 reporter plasmid, -2400p21LUC, which contains two ␤-catenin/TCF sites, into ISS10 VSMCs. Figure 6A shows that neither FCS nor PDGFϩbFGF, regulated -2400p21LUC activity. However cotransfection with the dnTCF-4 construct significantly increased -2400p21LUC activity in all conditions. The -94p21LUC control reporter however exhibited only basal activity in all conditions.
The expression of p21 mRNA in primary human VSMCs was then determined. Figure 6B shows that p21 expression was significantly increased in PDGFϩbFGF stimulated VSMCs infected with RAd ICAT, RAd dnTCF-4 or RAd FL-Ncad compared with the RAd LacZ infected control (PϽ0.04, PϽ0.04 and PϽ0.01 respectively).
We then investigated whether ␤-catenin/TCF signaling regulated the expression of p21 protein in VSMCs. Levels of p21 protein in VSMCs are slightly elevated between 1 and 2 hours, reach a minimum at 6 hours and are then elevated 8 hours after stimulation with PDGFϩbFGF and remain elevated thereafter (supplemental Figure V) . We therefore determined the effect of ␤-catenin/TCF signaling 6 hours after stimulation with PDGFϩbFGF, when p21 levels are at a minimum. Figure 7A shows that p21 protein expression was significantly elevated in PDGFϩbFGF stimulated primary human VSMCs infected with RAd FL-Ncad, RAd ICAT or RAd dnTCF-4, compared with the RAd LacZ infected control (PϽ0.02, PϽ0.05 and PϽ0.01 respectively). Similarly, intracellular delivery of anti-␤-catenin antibody significantly increased p21 protein expression compared with the IgG control ( Figure 7B, PϽ0.02) . In contrast, p21 protein levels were significantly decreased in serum-starved human VSMCs infected with RAd mutant ␤-catenin compared with the RAd LacZ infected control ( Figure 7C, PϽ0.02 ).
␤-Catenin/TCF Signaling, Cyclin D1 and p21 in Vein Segments
We then determined whether these effects could be seen in VSMCs in vein segments. Immunohistochemical analysis of medial layer sections showed that over-expression of ICAT and dnTCF-4 significantly reduced cyclin D1 expression compared with the RAd LacZ infected control ( Figure 8A and  B, PϽ0.05 and PϽ0.01, respectively) . Conversely, infection with RAd dnTCF-4 or RAd ICAT significantly elevated the number of p21 positive VSMCs compared with the RAd LacZ control ( Figure 8A and 8C, PϽ0.05 and PϽ0.01 , respectively).
Discussion
We have previously shown that growth factor-dependent VSMC proliferation is accompanied by dismantling of N-cadherin cell-cell junctions and a subsequent increase in nuclear ␤-catenin and ␤-catenin/TCF complexes. 3 In this study we have demonstrated that growth factors induce ␤-catenin/TCF signaling in VSMCs and attenuation of ␤-catenin/TCF signaling inhibits VSMC proliferation. Furthermore, inhibition of ␤-catenin/TCF signaling reduces cy- clin D1 expression and elevates p21 expression. We therefore conclude that VSMC proliferation is regulated by ␤-catenin signaling, in part via the modulation of cyclin D1 and p21.
To our knowledge this is the first study to show that growth factors drive endogenous ␤-catenin/TCF signaling in primary VSMCs. Interestingly, stimulation with PDGFϩbFGF, growth factors that modulate VSMC proliferation and migration during remodelling after injury, 1 was sufficient to induce ␤-catenin/TCF signaling. To directly demonstrate the involvement of ␤-catenin/TCF signaling in growth factordependent VSMC proliferation we used four inhibitory approaches; over-expression of ICAT and dnTCF-4 to inhibit the interaction of ␤-catenin with TCF-4, over-expression of N-cadherin to increase localization of ␤-catenin in adherens junctions, and intracellular delivery of ␤-catenin antibodies. All approaches reduced proliferation by approximately 50% to levels comparable to quiescent cells, indicating that the N-cadherin and ␤-catenin/TCF signaling pathway is a major regulator of VSMC proliferation. This is supported by a previous study which showed that transfection of degradation resistant (active) form of ␤-catenin increased proliferation in a rat VSMC cell line. 13 Importantly, we also observed that ␤-catenin/TCF signaling regulates proliferation of human VSMCs embedded in native extracellular matrix of saphenous vein segments, indicating that this pathway is not restricted to isolated VSMCs.
We have directly shown that endogenous ␤-catenin/TCF signaling induced cyclin D1 transcription and increased mRNA and protein levels in primary VSMCs. Importantly, we observed that ␤-catenin/TCF-dependent regulation of cyclin D1 also occurs in saphenous vein segments. Because over-expression of N-cadherin reduced cyclin D1 expression we suggest that induction of ␤-catenin/TCF signaling as a result of growth factor-dependent dismantling of adherens junctions, is an important pathway in VSMC proliferation via increased cyclin D1 expression. This is corroborated by our previous observation that cyclin D1 protein was induced after balloon injury in the rat carotid, concomitant with increased VSMC proliferation and reduced cadherin expression. 4 Furthermore, it has been shown that degradation-resistant ␤-catenin elevated cyclin D1 expression, 13 over-expression of N-cadherin lowered exogenous ␤-catenin-dependent cyclin D1 reporter activity, 14 and Wnt signaling modulated cyclin D1 expression 21 in a rat smooth muscle cell line.
In addition to regulation of cyclin D1, we also observed that ␤-catenin/TCF signaling repressed p21 mRNA and protein expression in primary VSMCs, as seen in HEK293 cells. 9 Importantly, inhibition of ␤-catenin/TCF signaling also significantly increased p21 protein in VSMCs embedded in saphenous vein segments. Previous studies showed that N-cadherin plays a role in p21 regulation in other cell types, 22, 23 however our study has shown for the first time that endogenous ␤-catenin/TCF signaling represses expression of p21 mRNA and protein in primary VSMCs. It is possible however, that other cell cycle genes including c-myc and c-jun, are also regulated by ␤-catenin/TCF signaling. Although beyond the scope of this report, identification of other ␤-catenin responsive genes involved in VSMC proliferation is a focus of our current studies.
Taken together our findings provide evidence for the involvement of N-cadherin and ␤-catenin/TCF signaling in the regulation of VSMC proliferation and indicate that increased ␤-catenin levels, previously detected after balloon injury in the rat carotid, 4,13 may contribute to VSMC proliferation by modulating the expression of both cyclin D1 and p21. The importance of this pathway is further supported by our observation that elevated levels of active ␤-catenin in the absence of growth factors promoted VSMC proliferation and modulation of cyclin D1 and p21 levels.
The inability of ICAT and dnTCF-4 to reduce proliferation in cyclin D1 Ϫ/Ϫ or p21 Ϫ/Ϫ VSMCs substantiates our evidence that cyclin D1 and p21 are essential for the regulation of ␤-catenin-dependent proliferation. Because both cyclin D1 and p21 are regulated by ␤-catenin/TCF signaling, one would have predicted that proliferation of cyclin D1 Ϫ/Ϫ VSMCs would be partially inhibited because of elevated p21 levels and vice versa. However, inhibition of ␤-catenin/TCF signaling was unable to attenuate proliferation in cyclin D1 Ϫ/Ϫ or p21 Ϫ/Ϫ VSMCs. Cyclin D1 Ϫ/Ϫ cells are able to enter the cell cycle as elevated cyclin E levels may compensate for the lack of cyclin D1. 24 An increase in cyclin D1 early in G 1 is thought to allow progression through to S phase because of titration of p21 into nascent cyclin D1/cdk4 complexes, which progressively relieves cyclin E/cdk2 from its main inhibitory constraint. 25 Because cyclin E is elevated in cyclin D Ϫ/Ϫ mouse cells, we suggest that inhibition of ␤-catenin/TCF signaling and the subsequent elevation of p21 does not lead to cell cycle arrest in these VSMCs because there is sufficient p21-free cyclin E/cdk 2 complexes to allow S phase progression. Similarly, in p21 Ϫ/Ϫ VSMCs a ␤-catenin/TCF-dependent elevation of cyclin D1 in early G 1 is redundant because cyclin E/cdk2 complexes are uninhibited by p21. p21 is necessary for G 1 /S transition because it promotes cyclin D/cdk complex formation and lack of p21 leads to cell cycle arrest. 10, 25 Our study and others, have demonstrated that growth factor-dependent elevation of p21 is not seen until late in the cell cycle. 10, 26, 27 Before that p21 is expressed at relatively low levels, presumably sufficient to allow the formation of cyclin D/cdk complexes but at low enough levels to permit kinase activity. PDGF-dependent induction of p21 occurs via the ras/MAPK pathway in VSMCs, and ras and ERK1/2 are activated as early as 15 minutes after stimulation. 27, 28 Because ␤-catenin is active and present in the nucleus at 4 hours after growth factor stimulation in VSMCs, 3 ␤-catenin may antagonize ras/MAPK-dependant induction of p21, resulting in optimal levels of p21 to allow G 1 progression. Interestingly, at 24 hours after stimulation, p21 levels are maximal and nuclear ␤-catenin is diminished compared with 4 hours. 3 Although inhibition of ␤-catenin/TCF signaling had comparable effects on cyclin D1 mRNA and protein, a far greater effect was observed on p21 protein than mRNA, particularly with ICAT and dnTCF-4. This suggests the involvement of ␤-catenin/TCF-dependent post-translational regulation of p21 in VSMCs; perhaps via regulation of CCAAT enhancer binding protein ␣ (C/EBP␣), since upregulation of ␤-catenin was associated with downregulation of C/EBP␣ 29 and C/EBP␣ increases p21 protein stability. 30 Accumulation of free cytosolic ␤-catenin is regulated by several pathways including expression of cadherins, Wnt signaling and other pathways which modulate GSK-3␤ activation eg, integrin-linked kinase activity. The reduced effect of N-cadherin over-expression on ␤-catenin/TCF signaling, cyclin D1 and p21 expression, compared with ICAT and dnTCF-4, may be because ICAT and dnTCF-4 inhibit ␤-catenin released as a result of all pathways but overexpression of N-cadherin affects only one pathway. Furthermore, N-cadherin and ␤-catenin must be correctly phosphorylated for adhesion to occur (see review by 31 ). In addition, growth factors induce N-cadherin shedding from the cell surface 3 which may counter-balance the over-expression of N-cadherin and thereby reduce it's inhibitory capacity.
Over-expression of N-cadherin, however, had a comparable inhibitory effect on VSMC proliferation to ICAT and dnTCF-4. ICAT and dnTCF-4 only prevent TCF activation, whereas increasing the number of adherens junctions by N-cadherin over-expression could potentially have other downstream effects that may contribute to inhibition of proliferation. For example, adherens junction formation may reduce Rho activity which could reduce proliferation via regulation of p27 Kip1 levels or ERK1/2, see review by. 32 In summary we have shown that N-cadherin and ␤-catenin/ TCF signaling plays a major role in the regulation of VSMC proliferation in response to stimulation by growth factors via the regulation of the cell cycle genes cyclin D1 and p21. We suggest that this pathway may therefore be involved in the regulation of VSMC proliferation in vascular diseases involving intimal thickening.
